Histamine influences the glomerular microcirculation and modulates immune-inflammatory responses. In the rat kidney, histamine is synthesized by glomeruli and stimulates cyclic nucleotide production specifically in glomeruli. We investigated the in vitro effect of histamine on cyclic nucleotide accumulation in rat cultured glomerular mesangial and epithelial cells.
Histamine stimulated cyclic AMP (cAMP) accumulation in cultured mesangial cells (64.0±22.1 to 511.4±86.6 pmol/mg protein, n = 9) but had no effect on cAMP accumulation in epithelial cells. This effect was dose-dependent and timedependent. Stimulation of cAMP accumulation occurred in the range of 5 X 10' M-10' M histamine with a half maximal stimulatory effect of 2 X 10' M. Initial stimulation was noted by 30 s, and maximum stimulation was observed at 5 min. The H2 antagonist cimetidine (10-4 M) abolished the stimulatory effect of histamine (10-4 M), while equimolar concentrations of the HI antagonist diphenhydramine had no significant effect on cAMP accumulation. Moreover, the specific H2 agonist dimaprit, but not the HI agonist 2-pyridylethylamine, stimulated cAMP accumulation. Histamine had no effect on cAMP accumulation in epithelial cells or on cyclic guanosine monophosphate accumulation in epithelial or mesangial cells.
Since the in vivo infusion of histamine reduces ultrafiltration coefficient and since mesangial cell contraction is thought to be responsible for the reduction in the ultrafiltration coefficient, we examined the effect of histamine on the contractile property of mesangial cells. Histamine (5 X 10'-10-4 M) contracted mesangial cells, and the HI antagonist diphenhydramine (10-4 M) but not the H2 antagonist cimetidine (10-4 M) prevented histamine (10-4 M) induced contraction. In addition, the HI agonist 2-pyridylethylamine, but not the H2 agonist dimaprit, contracted mesangial cells. Histamine and its specific agonists and antagonists induced contraction of isolated glomeruli as assessed by glomerular planar surface area in a manner parallel to their effect on mesangial cells. Cinnarizine (10-5 M) , a Ca' channel blocker, or Ca', Mg++-free medium prevented histamine (10-4 M) induced mesangial cell and glomerular contraction. Thus, histamine enhances cAMP accumulation specifically in mesangial cells via an H2 receptor. In contrast, histamine findings show that histamine potentially influences intraglomerular hemodynamics via effects on mesangial cell contraction. Moreover, our findings considered with the in vivo observation that histamine reduces kf via an H, receptor provide further support for the hypothesis that mesangial cell contraction regulates the glomerular capillary surface area available for filtration. Our studies also show that this contractile effect of histamine is dependent on extracellular calcium.
The presence of a cAMP system sensitive to histamine may have major implications in the pathogenesis of inflammatory glomerulopathies. Mesangial 
Introduction
Recent in vivo and in vitro studies show that renal glomeruli actively participate in the regulation of the glomerular microcirculation under physiological conditions or in the course of renal injury (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . It is well recognized that the renal glomerulus is a target organ for a number of circulating hormones and locally synthesized compounds with potent biologic activity (12, 13) . In vivo micropuncture studies have shown that the infusion of the peptide hormone angiotensin II (Ang II)' causes a reduction in the ultrafiltration coefficient (kf), a major determinant of single nephron glomerular filtration rate, and that this reduction results from a decline in the glomerular capillary surface area (5, 1 1). Since Ang II contracts glomeruli (8, 9) and mesangial cells (14) in vitro, it is believed that the contraction of mesangial cells leads to a reduction in glomerular capillary surface area and hence kf. Hormones potentially influence glomerular and mesangial cell contraction by at least two mechanisms. The first is a direct hormonal effect that requires extracellular calcium. The in vivo effect of Ang II to reduce kf is completely reversed by the infusion of verapamil, a calcium entry blocker, suggesting that this effect is dependent on extracellular Ca"+ (11, 15) . The second mechanism seems to be mediated by a cyclic AMP (cAMP)-induced activation of the renin-angiotensin system. The in vivo effect of dibutyl cAMP, parathyroid hormone, and vasodilator prostaglandins to reduce kf is reversed by the Ang II antagonist saralasin (3) . Since several of these autacoids increase glomerular cAMP production (12) and also stimulate renin release (1, 16) , local generation of Ang II is most likely responsible for the reduction of kf observed in the in vivo micropuncture studies.
Histamine is a renal autacoid synthesized in rat (17) and human glomeruli (18) that has also been shown to influence glomerular metabolism in vitro (19) and renal hemodynamics, including the glomerular microcirculation, in vivo (20, 21) . Torres et al. (19) were the first to describe an H2 receptormediated, stimulatory effect of histamine on cAMP production in rat glomeruli. Studies using labeled histamine HI and H2 receptor antagonists show that both receptors are present in glomeruli (22) and that a hormone-sensitive adenylate cyclase primarily linked to the H2 receptor is present on glomerular cells (22, 23 More recently, histamine has been shown to stimulate renin release by the isolated perfused rat kidney, an effect primarily mediated by an H2 receptor (24) . In addition to its hemodynamic effects on the renal and other regional circulations, histamine is an important regulator of the immune-inflammatory response in many tissues (25) (26) (27) .
The present studies were designed (a) to determine the glomerular cell type in which histamine exerts its effects on cAMP accumulation; and (b) to study the effects of histamine on glomerular and mesangial cell contraction.
Methods
Histamine dihydrochloride, 1-methyl-3-isobutylxanthine (MIX), diphenhydramine HCI, and cinnarizine were purchased from Sigma were cut on an ultramicrotome. I-,m thick sections were studied by light microscopy. Thin sections were examined with a Joel-JEM-100 CX electron microscope with magnification ranging from 2,000 to 30,000. Second, growth in L-valine deficient medium was examined (31) . Fibroblast contamination was assessed by the ability of mesangial cells to grow in medium in which L-valine was substituted by o-valine (Gibco). Third, the effect of aminonucleoside of puromycin (PAN) and mitomycin C was examined. Cultured epithelial and mesangial cells were treated with PAN, a previously described epithelial cell cytotoxin (32) , or mitomycin C, a mesangial cell cytotoxin (33) , and cell growth was evaluated periodically by phase contract microscopy.
To exclude endothelial cell contamination, mesangial cell cultures grown on glass cover slips were stained for Factor VIII antigen using immunoperoxidase technique. Specific antiserum for Factor VIII antigen (rabbit antiserum against human Factor VIII antigen), and other reagents were purchased from Dako Corp., Santa Barbara, CA. Control tissue included human umbilical vein endothelial cells (kindly provided by Dr. Paul DiCorleto, Cleveland Clinic Foundation) and cryostat sections of snap frozen rat renal cortical tissue. Negative controls were performed by incubating cultured human endothelial and mesangial cells and the rat cortical tissue with normal (nonimmune) rabbit serum.
Cyclic nucleotide incubations. To test the effect of histamine and its specific agonists and antagonists on cyclic nucleotides, incubations were performed with cell monolayers in 35-mm culture wells. At incubation time, medium was aspirated and cell monolayers were rapidly washed twice with PBS. Incubation medium was Hank's balanced saline solution (HBSS) containing 1.2 mM Ca"+ and 1.25 mM Mg"+ (pH 7.4) or modified Kreb's buffer of the following composition: 140 mM NaCi, 5 mM KCl, 1.2 mM MgSO4, 2.0 mM CaC12, 10 mM glucose, 10 mM Na acetate, 2.0 mM Na phosphate, and 20 mM Tris buffer (pH 7.4). The medium was warmed to 370C immediately before its addition to the dishes. In the experiments where the effect of histamine antagonists were tested, the cells were preincubated with medium containing the antagonists or medium alone for 5 min. Medium was then aspirated and replaced with medium alone or medium containing histamine plus or minus the antagonist. Cells were incubated in a final volume of 1.0 ml at 370C. The reaction was terminated by the addition of 0.5 ml. 15% ice-cold trichloroacetic acid (TCA) and cell dishes were placed at 00C on ice. Cells were then scraped from the dishes using a rubber policeman; they were transferred to microcentrifuge Eppendorftubes, and cell suspensions were sonicated. The homogenate was then centrifuged (12,000 g) for 30 min in the cold to precipitate the proteins, and the supernatant was separated. TCA was removed from the supernate by repeated extraction (X4) with water-saturated ether, and the remaining ether was evaporated by heating. The samples were then adjusted to neutral pH with 0.5 N NaOH. Aliquots of these extracts were diluted and used for determination of cAMP or cGMP by RIA as described previously (34, 35) . Briefly, cyclic nucleotides determination by RIA was carried out as originally described by Steiner et al. (36) and modified to increase the sensitivity of cAMP and cGMP determination by acetylation and succinylation, respectively (37, 38) . The pellet was solubilized in 1.0 N NaOH and the protein determination was carried out by the method of Lowry et al. (39) . In two experiments, at the end of the incubation, the medium was rapidly separated from the cells and frozen, and 5% ice-cold TCA was added to the cells to end the reaction. cAMP was then determined on aliquots from the medium and cells separately.
In included. At the end of the incubation, 500 ,1 of 2.5% glutaraldehyde was added to each incubation tube to fix the glomeruli. Glomeruli were then allowed to settle by gravity. Glomerular contraction was assessed by measuring the change in glomerular planar surface area (GPSA) using a Millipore Particle Measurement Computer (MPMC) system (Millipore Corp., Bedford, MA) (42, 43). The components of this system include a microscope, video camera, video display, and computer. An aliquot of the glomerular suspension is placed on a glass slide and covered with a glass cover slip. The glass slide is placed under the objective of the light microscope, and the image of the glomerulus is transmitted to the monitor. The image of the glomerulus on the monitor appears as a dark area compared with the white contrasting background. The module accurately measures the two-dimensional surface area that the object (glomerulus) occupies and calculates GPSA in square micrometers (Mm2). The probable error for measuring surface area by MPMC is ±2.4%. At least 50 glomeruli were counted from each incubation sample. In each experiment, tubes containing glomerular suspensions were coded to avoid experimental bias. In some experiments, values were also expressed as percent of control glomerular surface area (incubation without drugs).
Results
Characteristics of cultured glomerular cells. The majority of the glomerular cell outgrowth at 7-9 d after glomerular cultivation were identified as epithelial cells using morphologic criteria (29, 32) . By phase contract light microscopy, the cells grew in monolayers, appeared small and polyhedral, and had a pavement-cobblestone appearance when confluency was reached (Fig. 1 A) . On electron microscopy, this cell seemed to have a large rounded nucleus with prominent nucleoli. The cytoplasm contained elongated mitochondria, rough and smooth endoplasmic reticulum, and abundant free polysomes. In addition, the cells appeared to have intercellular junctions and microvilli on their surface, a characteristic of glomerular epithelial cells. When incubated in the presence of PAN (100 ug/ml), 50% of the cells were detached by 12 h, while the attached cells rounded up and showed spindle-shaped processes. By 24 h, >90% of the cells were detached and floating in the medium. In contrast, identical incubation with mitomycin C (10 ug/ml) had no effect on epithelial cells as judged by phase contrast light microscopy.
The identity of mesangial cells was confirmed by the following criteria. Using phase contrast microscopy, the cells appeared large, stellate, or fusiform and contained prominent intracellular fibrillar structures that ran parallel to the plasma membrane similar to cultured mesangial cells described by other investigators (Fig. 1 B) (14, 30, 32) . By electron microscopy, the cells displayed numerous bundles of microfilaments, elongated nuclei, and dense patches (Fig. 1 C) . In some preparations, at least 20 consecutive cell micrographs were examined (X 22,500). All threefold to 21-fold increase in cAMP accumulation (Fig. 2) . In the absence of MIX, histamine also stimulated cAMP accumulation. However, the stimulatory effect of histamine (l0-' M) was much less prominent than in the presence of MIX (Fig. 2) . The enhanced cAMP accumulation was primarily intracellular. <5% of total cAMP was released into the medium under basal conditions or in response to histamine (data not shown). In contrast to its effects on cAMP, histamine had no effect on cGMP accumulation in the same cell cultures (Fig.  2) . However, nitroprusside, a nonspecific stimulant of guanylate cyclase (44) , enhanced cGMP accumulation in the same cell cultures, suggesting the presence of an intact guanylate cyclase system. Histamine stimulated cAMP but not cGMP accumulation in mesangial cells in a time-dependent fashion (Fig. 3) . The stimulation was observed as early as 30 s and reached maximum at 5 min, after which it started to decline. When total cAMP production was determined at 5 min as a function of histamine concentration, there was a dose-dependent increase in cAMP accumulation between 5 X 10-6 and 10-4 M histamine (Fig. 4 A) .
To determine the histamine receptor subclass involved in the enhanced production of cAMP in mesangial cells, we next examined the effects of specific histamine receptor agonists and antagonists (45) . The histamine H2 receptor agonist dimaprit stimulated cAMP but not cGMP accumulation in a dose-dependent manner, while 2-pyridylethylamine, a histamine 1682 J. R. Sedor and H. E. Abboud H1 receptor agonist, had no significant effect on cAMP or cGMP accumulation (Fig. 4 B) . Moreover, the H2 receptor antagonist cimetidine (0.1 mM) but not equimolar concentrations of the HI receptor antagonist diphenhydramine abolished the stimulatory effect of histamine (0.1 mM) on cAMP accumulation (Fig. 5) . The mild inhibitory effect ofthe HI antagonist on cAMP accumulation in response to histamine may have resulted from its weak binding to the H2 receptor at this concentration (45) . Cimetidine and diphenhydramine alone had no effect on cAMP accumulation (Fig. 5) .
In contrast to its effects on mesangial cells, histamine did not influence either cAMP or cGMP accumulation in epithelial cell cultures (Fig. 6) . Enhanced (8, 9, 50 ). This effect of histamine was dose-dependent with reduction of GPSA observed at between 5 X 10-6 and 10-3 M (Fig. 8) . To determine the specificity of histamine's effect and to define the type of histamine receptor involved, the effect of histamine-specific antagonists and agonists was studied. The HI receptor antagonist diphenhydramine abolished the contractile effect of histamine and restored glomerular size to base-line values (Fig. 9) . In contrast, cimetidine, an H2 receptor antagonist, did not interfere with the histamine-induced glomerular contraction. Neither cimetidine nor diphenhydramine alone altered glomerular size. Moreover, the histamine HI receptor agonist PEA significantly reduced glomerular size, while the histamine H2 agonist dimaprit had no effect (Fig. 9) .
To determine the role of extracellular Ca++ in the histamineinduced glomerular contraction, the effect of histamine was examined in glomerular suspensions in the presence and absence of the Ca++ channel blockers cinnarizine. Cinnarizine alone had no effect on glomerular size. However, cinnarizine abolished the contractile effect of histamine (Fig. 9) . Values for cAMP in the presence of histamine were not significantly different from those in the presence of histamine plus the inhibitor.
indicates that the effect of histamine is mediated by an H2 receptor linked to adenylate cyclase. The stimulatory effect of the histamine H2 agonist dimaprit but not the HI agonist PEA on cAMP accumulation also supports this conclusion. Moreover, distinct agonists (histamine, adenosine, isoproterenol, PGE2, and vasopressin) elicited variable degrees of cAMP accumulation within the same cell culture (unpublished observations), implying the presence of distinct autacoid receptors on the mesangial cell. The absence of an effect of histamine on cAMP accumulation in epithelial cells points to the mesangial cell as the primary site of histamine receptors linked to cAMP accumulation. These were first described in intact rat glomeruli (19) and more recently in human glomeruli (18) . Using specific histamine HI and H2 receptor antagonists in the rat, Torres et al. (19) identified the glomerular histamine receptor that is associated with enhanced cAMP accumulation as H2 in type. While our studies do not exclude an effect of histamine on cal change in the same cell. The cell body is rounded and the cell processes are retracted. Qualitatively similar changes were observed in the presence of lower concentrations of histamine and in the presence of the HI agonist, pyridylethylamine.
; (2) j (4) .P (7) 0 " 5x10-6 l0-5 5x lo5 been shown to stimulate cGMP production in vascular endothelial cells in culture (51) . that compose the renal In several tissues including vascular endothelium (52) and note that histamine does rabbit lung (53) , histamine has been shown to stimulate vascular endothelial cells prostaglandin synthesis. Moreover, prostaglandins (PGE2) have ilatory effect of histamine been shown to stimulate cAMP production in mesangial cells gial and epithelial cells (14) . Our experiments using the cyclooxygenase and lipooxyy effect of the histamine genase inhibitors suggest that arachidonic acid metabolites do glomeruli by Torres et not mediate the stimulatory effect of histamine on cAMP ndothelial cells or other production in mesangial cells. Note that the histamine-induced s. Indeed, histamine has prostaglandin synthesis in both endothelial cells and rabbit lung are HI receptor mediated events.
Histamine has been reported to decrease kf in vivo by reducing glomerular capillary surface area (21) . The mechanism by which hormones or vasoactive substances reduce kf is currently thought to involve glomerular and specifically mesangial cell contraction (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) renal glomerulus that have been shown to contract (1, 32, 40) . Similar to its effects on mesangial cells, histamine also contracted glomeruli by an HI receptor. The contractile effect of histamine was dose-dependent, mimicked by the HI agonist PEA and blocked by the HI antagonist diphenhydramine.
These studies on isolated glomeruli confirm our observations in the cultured mesangial cells and suggest that the in vitro effect of histamine on mesangial cell contraction is not appreciably modified by the presence of the endothelial or the epithelial cells that compose the glomerular capillary wall. This finding differs from previous observations on the effect of histamine and vasoactive hormones on other vascular beds where the presence of endothelial cells exert a modulating role on the contractile response (55, 56) .
The concentrations of histamine needed to induce mesangial cell or glomerular contraction and to stimulate cAMP in mesangial cells approximate the endogenous content of histamine in glomeruli (17) and are far above the circulating levels of plasma histamine (17) . Endogenous histamine produced by glomeruli (17) or histamine released by infiltrating inflammatory cells is therefore more likely than circulating histamine to influence glomerular cell function. However, the cellular site of histamine synthesis within the glomerulus, the quantitative distribution of histamine within the various cell types, and the accessibility of the histamine receptor to locally produced histamine remain to be determined.
There is considerable evidence that in smooth muscle cells, an increase in free cytosolic Ca"+ induces contraction and a decrease leads to relaxation (57, 58) . Hormones that induce contraction in smooth muscles require Ca" for their contractile activity (48, 57, 58) . Histamine has been shown to enhance Ca"+ entry into several tissues, including vascular endothelium (59), bronchial smooth muscle (60), and brain (61). Moreover, Ang II-elicited contraction in mesangial cells was dependent on extracellular Ca++ (62) . We therefore explored the role of Ca++ in mediating the action of histamine on mesangial cell and glomerular contraction. The contractile response of mesangial cells and glomeruli observed with histamine was dependent on extracellular Ca". Both isolated glomeruli and mesangial cell cultures treated with histamine in Ca" free medium or in calcium containing medium in the presence of the calcium channel blocker cinnarizine did not contract. Since cinnarizine does not directly affect intracellular Ca" translocation, the above studies do not exclude the possibility that histamine-induced mesangial cell contraction is also dependent on changes of Ca++ within the cell. Histamine has been shown to stimulate cGMP accumulation in several tissues via an HI receptor and by a Ca++ dependent mechanism (57, 58) . The relationship between the enhanced cGMP accumulation and the actions of histamine in these tissues, however, has not been established (63) . The absence of a stimulatory effect of histamine and the histamine HI agonist PEA on cGMP accumulation suggest that the effect of histamine on mesangial cell contraction, although Ca++ dependent, is independent of cGMP. It has been shown in the smooth muscle of the guinea pig ileum that the HI receptor is coupled to the phosphatidyl-inositol cycle, which is thought to act as a calcium gating mechanism in the cell membrane (64) .
It remains to be determined whether the HI receptor on the mesangial cell is also coupled to the phosphatidyl-inositol cycle.
These in vitro studies suggest that the in vivo effect of histamine to reduce glomerular capillary surface area is mediated by an HI receptor, and is dependent on the availability of extracellular Ca". Since the infusion of histamine in the isolated perfused kidney stimulates renin release via an H2 receptor (24) , it remains possible that activation of the reninangiotensin system may at least partially mediate the observed in vivo effect of histamine. This possibility, however, is very unlikely in view of the findings by Ichikawa et al. (21) that the in vivo effect of histamine to reduce kf is totally reversed by the administration of HI antagonists. These findings agree with our in vitro studies. The in vivo effect of Ca"+ channel blockers on the hemodynamic changes induced by histamine is not known.
These findings show that histamine potentially influences glomerular hemodynamics via mesangial cell contraction and provide further support for the hypothesis that the contractile property of the mesangial cell is the underlying mechanism for the reduction in glomerular capillary surface area observed in the in vivo studies in respone to vasoactive hormones. In this context, note that histamine (present studies), Ang II, (8, 14, 41) , and arginine vasopressin (14) are the only hormones that have been shown to reduce kf in vivo and to simultaneously contract glomeruli or mesangial cells in vitro. Whether altered intraglomerular histamine metabolism in renal disease may similarly influence glomerular hemodynamics remains to be determined. It is conceivable that the enhanced production of histamine found in glomeruli isolated from rats with PAN nephrosis (17) may be responsible, at least partially, for the decline in kf observed in this experimental model (65) .
The implications of our findings of the presence of histamine H2 receptors linked to adenylate cyclase and cAMP accumulation in mesangial cells remain speculative. Recent studies have shown that mesangial cells possess characteristics similar to those of immune effector cells. This is exemplified by their enrichment with high activity of lysosomal enzymes (66) , their ability to release neutral proteinases in culture (67) , and their capacity to synthesize mediators such as arachidonic acid metabolites (30, 68) . In addition, mesangial cells are capable of phagocytosis (68, 69) , production of oxygen-derived radicals (68, 70) , and production of immunomodulatory factors (71) . In a number of inflammatory cells, such properties have been shown to be influenced by histamine H2 receptor induced increase in cAMP (25, 72, 73) . Our present finding that the cAMP system in mesangial cells is responsive to histamine suggests that this mediator synthesized locally within glomerular cells or released from infiltrating inflammatory cells may play an important role in modulating mesangial cell function in the course of renal and specifically glomerular diseases.
